Abstract. In this study, we investigate the March 24 th , 2011 Mw=6.8 Tarlay earthquake, Myanmar using InSAR and inversion analysis. We firstly invert InSAR coseismic displacement from our previous study. The inversions for fault parameters are carried out in both Single and Multi-patch model. The coseismic slip of 2.5 meters from Single-patch solution is then combined with long-term slip rate from geomorphological study, resulting in an estimate of 1,040-4,160 years recurrence period. Then, coulomb stress changes on nearby faults in northern Thailand are calculated. It is found that stress in western and middle segments of Mae Chan fault decreases significantly while stress increase in eastern segment of Mae Chan, Mae Ing and Chiang Kham fault. Finally, the results from PSInSAR of 29 Radarsat-2 images reveal postseismic displacement rates between -24.4 to 34.5 millimeters per year.
Introduction
The Mw=6.8 Tarlay earthquake occurred in western part of Nam Ma fault, Myanmar, on March 24 th , 2011. The hypocenter was located at 20.705N, 99.949E and the depth was approximately 10 kilometers below surface as estimated by USGS [1] . This is the ensuing strongest seismic event on SE-Asia peninsular since the 2004 Mw=9.2 Sumatra-Andaman earthquake [2] which caused the Indian Ocean tsunami and became one of the big catastrophic events in this century. Shake resulted from Tarlay earthquake was felt in Kunming, Hanoi and even Bangkok which are several hundred kilometers from the epicenter.
The Nam Ma fault, a NE-SW trending strike-slip fault, originates in southern China, extends as a narrow 215 kilometers long into northwest Laos and propagates into northern Myanmar [3] with a 12 kilometers left-lateral offset of the Mekong River channel at the central part of the fault [4] . Nam Ma Fault lies in about 60 kilometers north of another left-lateral in northern Thailand called Mae Chan fault [2] . These two left-lateral faults are farther to the southeast in the central Shan-Sino domain and the geology details can be found in [5] . The faults are members of a group of left-lateral faults in Shan fault system posing as network triangle faults between Sagaing fault in Myanmar and Red River fault in northern Vietnam. Many large earthquakes occurred in this fault system since late 20 th century [6, 7] as shown in Fig. 1 . An important parameter of earthquake cycle model, which is summarized in Fig. 2 , is recurrence period. The determination of coseismic slip is important because it is crucial in determining the recurrence period. The earthquake cycle can be divided into three phases. First, in the interseismic stage, a procedure of strain accumulation in the earth's crust in an opposite direction is shown in Fig. 2(b) . Next, Fig. 2(c) shows a procedure of coseismic motion when the stress accumulation reaches a breaking point, and the energy is abruptly released resulting in an earthquake. After the seismic event, the stress will continue to be relaxed and caused deformation during a period called postseismic phase [8] . [8] and [9] ).
InSAR has been proved to be a useful tool in a number of earthquake studies. Initial studies in the 1990s and early 2000s were carried out with 2-pass InSAR technique of C-band SAR images from ERS-1/2 and Envisat over arid or desert areas. Detail of the technique is now well covered and good introduction can be found elsewhere. A major limitation of C-band 2-pass InSAR is that in vegetated and tropical areas, the radar phase change of geophysical signal of interest is corrupted by larger phase change resulted from other causes such as growing/dying vegetation or atmospheric differences at the two acquisition time of radar images. This is known as decorrelation problem. L-band radar with longer wavelength has a better capability of penetration vegetation and so can maintain correlation much longer than C-band data. This leads to a number of recent earthquake studies in non-arid areas with ALOS PALSAR L-band images. The examples of applying ALOS PALSAR for coseismic deformation was the Mw=7.9, 12 May 2008 Wenchuan earthquake that struck the western Sichuan province (China) along the topographic escarpment between the Tibetan plateau and the Sichuan basin [10] [11] [12] [13] . The results show strike-slip motion along 145 kilometers long Yingxiu-Beichuan fault and mainly thrust faulting along the sub-parallel, 105 kilometers long Beichuan-Qingchuan fault. In 2009, there was the first study case using X, C and L-band SAR data for the investigation of the same earthquake [14] . ALOS PALSAR, COSMO-SkyMed, Envisat data were acquired covering different temporal and spatial baselines in Mw=6.3 L'Aquila (Central Italy) earthquake event for the coseismic motion. The results from InSAR reveal the surface displacement pattern in a very useful detail. Later on in 2010, the Mw=7.1 Darfield (Canterbury) earthquake occurred in New Zealand which was followed by a sequence of large aftershocks including the Mw=6.3 Christchurch earthquake on February 21, 2011, [15] . In both events, the coseismic movements have been measured by ALOS PALSAR. The more details on Darfield earthquake which ruptured a complex set of strike-slip and secondary reverse faults can be found in [16] .
We present in section 2, 3 and 4 our attempt to solve for Nam Ma fault parameters by inverting the coseismic displacement of Tarlay earthquake obtained from 2-pass InSAR of ALOS PALSAR images as reported in the previous study of [2] . The comparisons of along strike-slips from our model are then compared with filed data as described in section 5. We then calculate the distribution of Coulomb stress change for Mae Chan fault in northern Thailand. This is detailed in section 6. In section 7, we investigate postseismic motion of Tarlay earthquake using Time-series InSAR technique with a stack of 19 Radarsat-2 images. Section 8 concludes the paper.
InSAR for Coseismic Deformation Detection
In the previous study of [2] , 4 ALOS PALSAR Single Look Complex images in both ascending track 126 and descending track 486 orbits were acquired before and after earthquake. This is shown in the Table 1 below. The mentioned study can be summarized as follows. The study employed 2-pass InSAR technique available in GAMMA software package to generate multi-looked interferogram of both ascending and descending image pairs (4 and 6 multilook in range and azimuth direction respectively). The coherence of both image pairs are very good even in the dense vegetation in the study area which is in tropical zone. Topographic phases were simulated from SRTM 90 meter (3 arc-second) elevation and removed from the interferograms. The differential interferograms of both paths, in radar coordinate systems, are presented in Fig. 3 . The study then perform phase unwrapping with a minimum cost-flow algorithm of Delauney triangulation. After phase unwrapping, the results which still are in radar coordinates are geocoded into UTM (zone 47) coordinate system.
From Fig. 3 , the results reveal displacement in line-of-sight direction (LOS). From the interferogram, a 1.2 meters left-lateral offset in the radar LOS can be estimated across the fault. Small offsets around 12 centimeters are observable at distance of more than 20 kilometers from the epicenter. The observed coseismic motions suggest that earthquake could also have impact on Mae Chan fault, around 50 kilometers to the south of the earthquake. 
Inversion for Fault Geometry Parameters by Single-patch Model
The observed coseismic displacements from both ascending and descending data are employed in the estimation of fault parameters. We treat the surface displacements as the elastic response to a slip on a planar fault, assuming a model of vertically varying stiffness. The primary fault model (Okada 1985) contains 10 parameters, including location coordinates of fault and depth (x, y,-d), length (along the strike), width (along the dip), dip and strike of the fault and three slip components [17] . We then simulated InSAR deformation through adjusting some uncertain fault geometry parameters by Okada formula and then project onto the radar LOS direction. The ground surface displacement derived from Okada formula are cm.
compared to coseismic displacements obtained from InSAR, and parameters are re-estimated until the results from Okada formula closely resemble InSAR results. The Single-patch model yields a slip of 2.5 meters.
Inversion Analysis using Multi-patch Model
To refine the result of Single-patch model, the planar fault is divided into smaller rectangular areas, each of which may assume different slip values. This model provides more realistic values of slip than Single-patch.
As for the Single-patch, it is started by dividing of the fault into a series of rectangular patches along the direction of strike and dip and then integrating half-space Green's functions over area of fault for unit slip of each patch. The observed deformation data have to resample to get a lower image resolution before inversion [18] . In this sense, we downsampled interferograms pixel by quad-tree subsampling to divide into successively smaller boxes until variance fall below a threshold. To characterize the error terms that is correlated spatially, we estimate covariance from non-deforming region.
After that, we then set up model fault and calculate LOS phase at quad-tree centres for 1 meter of strike-slip and dip-slip motion. To estimate slip on fault given InSAR data and variance-covariance matrix, Therefore, to fixed fault geometry for a linear problem, we set up design matrix A, in form: y = Ax, where y is vector of LOS observations and x is vector of model parameters as shown in Eq. (1) and (2) [19] . The outputs from the model are then be used as the parameter for Single-patch model which are earthquake epicenter (607516E, 2288195N), strike (N70E˚), dip (86˚), rake (0), length (24.31 kilometers), Mw (6.7), and slip (2.5 meters). Figure 4 shows the coseismic displacement from downsampled interferogram. The results from both InSAR and model are then compared, and we can find the ranges of residuals which describes the relation between the model prediction and the InSAR observation of two fault models. We found the difference in residuals in the descending ( 0.2 meters.) path which is larger than ascending path. It is important to note that the ascending path shows entirely satisfied results while the descending path contrary performance presents noticeably large residuals in particular parts which however do not have huge impact to the whole process.
For Multi-patch model, the slip on multiple fault patches is estimated. Since each fault patch is assumed to slip differently, we chose a 24 kilometers long fault plane and divided to 30 patches. We set up design matrix and weighted using least squares method. We assume that the Laplacians have a Gaussian distribution for additional smoothing constraint. The value of is important because it is governed by the size of the scalar smoothing factor. The best-fit slip distribution depends on the size of the smoothing factor : high values lead to an over smooth solution with large misfit, low values result in smaller misfits, but oscillating slip distributions [19] as in Eq. (3).
We subsequently plot a simulated interferogram for the values in x and fix geometry of fault and invert only for slip, which makes it a nonlinear problem compare to original interferogram. By minimizing the square misfit between the observed and predicted phase change nonlinear, Monte Carlo algorithm has been applied to sample the distribution in a representative way. We found that the slip from both model are maximum varied 0.27 meters. The 2.5 meters slip value from Single-patch model is used in coulomb stress change for slip distribution as shown in Fig. 5 . The distributions of slip in each patch are shown in Table  2 . Fig. 5 . Distribution of fault slip in Tarlay earthquake, maximum slip is 2.77 meters at depth [5] [6] kilometers. Most of occurring is approximately 10 kilometers below surface. Table 2 . Distribution of fault slip from inversion analysis using multi-patch model as refer to Fig. 5 .
According to Fig. 5 , the result displays the invert for the fault slip distribution along Tarlay earthquake. We divided 30 patches along strike (1 patch is approximately 1 kilometer) and 12 patches in down dip. The result from the model indicates that Nam Ma fault is characterized as a pure strike-slip type with a small dip-slip. The maximum slip is 2.77 meters in the depth 5-6 kilometers. The major group of slip rate locates between 3-8 kilometers depth in the middle and west of Nam Ma fault. The maximum number of slip near the surface is 1.95 meters (< 1 kilometer at deep) and less than the number of slip rate at 3-8 kilometers below surface.
We then use the slip from the top patch (at a depth from the surface about 1 kilometer) to compare with the values obtained from the field survey. The value from top patch is an indication of magnitude and direction of the fault closest to the actual terrain surface as shown in Fig. 6 . Figure 6 reveals a field survey data after Tarlay earthquake Myint, et al. [20] ; the yellow points in the image indicate the position of field survey in the areas. The yellow numbers in the image indicate the offset values in the areas. The total length of fault (red line in Fig. 6 ) is approximately 30 kilometers and the maximum offset value is 1.25 meters in the western of the fault. The graph below displayed a comparison between the slip obtained from field survey and the slip distribution using Multi-patch model. The comparison between those data is estimated base on coordinate information judgment as obtained from [20] , so the starting point (first point) from field survey will begin at kilometer 10. The blue line in Fig. 7 is the slip from Multi-patch model, and the red line is obtained from the field data within 20 kilometers. The result revealed that the slip from Multi-patch model is lower than field survey in kilometer 17-22 and 27 onwards. In kilometer 14 to 16, the slip from both approaches has almost the same. Refer to the field survey data from [6] , this can be explained that the area is offset paddy field berm and the range of the offset field is highest. For the eastern end of the fault, slip will be gradually reduced due to the distance away from the epicenter. Thus, it can be concluded here that the main difference between model and field survey in this case are the physical geography in the area and the lack of coordinate information from the field data to make starting point difficult to adjust.
Comparison of Slip Distribution with Field Data
The difference between computed slips on the top patches and observed slip in the field could be resulted from three main factors. First, the filed-surveyed slips are measured on top soil, the depth of which over the below bedrock is unknown but could vary from few tens to hundreds meters. On the contrary, the computed slips are the values of the underneath rock which is not observable. Second, the precise coordinates of the locations of field-surveyed slips are not available to us. We could only best-guess the locations from various sources of maps, diagram and satellite images but it is likely that errors are large. Third, the Multi-patch solution from Laplacian smoothing explained in section 4 is not unique. There could be many slip distribution models that resulted in the same magnitude of this Tarlay earthquake. We choose the one that seems to agree most with the known mechanics of fault such as localization of large slips and slip directions do not deviate much from patch to patch. Nevertheless, with the currently available data, we cannot explain with certainty the large differences in the segment from kilometer 10-13 and from kilometer 24-26. On the other hand there is a well-agreed segment of kilometer 14-16 and another segment with relatively small differences from kilometer [16] [17] [18] [19] [20] [21] [22] . Further work such as seismic slip inversion could provide independent validation of our result.
Coulomb Stress Change Computation
We use USGS Coulomb program 3.3 version to compute stress change in nearby faults [21] . The parameters of the ruptured segment of Nam Ma fault is obtained from Single-patch model. The faults included in this analysis are Mae Chan, Chiang San, Mae Lao, Mae Suai, Chiang Kham and Mae Ing. As shown in Fig. 8 , Nam Ma fault releases its stress during the earthquake, and the stress is redistributed to surrounding area, especially near the Mae Chan fault slips. If we primarily consider Mae Chan fault, the east end of Mae Chan fault could be failure caused by the increasing of the stress as indicated in the maximum value of coulomb stress scale around 0.6 bar. At the same time, the west and middle of the fault are stress shadow zone. The others interesting faults are Chiang Kham and Mae Ing fault because the coulomb stress is increased in about 0.15 bar. For other faults, the remaining value of the stress is decreased, so this analytical result indicates that the eastern of Mae Chan, Mae Ing and Chiang Kham faults could have a high probability of seismic risk. After Tarlay earthquake about 3 years, the earthquake occurred in Chiang Rai on 5 th May, 2014 with Mw=6.3. Although the result from coulomb stress change in Mae Lao fault And Mae Suai fault was given to -0.15 bar which represent a reduction of stress, but this is just the risk assessment for the probability of the earthquake arise in the future. The data from Chiang Rai earthquake is the one to support that the faults in the upper north of Thailand have stress transfer, and it is interesting that the increasing chance of earthquake event in other faults of Thailand.
Time-series InSAR for Postseismic Deformation Detection
The postseismic investigation is performed by processing the 19 Radarsat-2 images (Beam type: F3N, Incidence angle: 42º) with Time-series InSAR analysis. Rational and details of each processing steps of this technique can be found in [22] . Acquisition date and baseline information of the images, acquired from June, 2011 till May, 2013 in ascending orbit covering the Mae Chan fault and Nam Ma fault area, are shown in Table 3 . All images are co-registered to the master imagery of 20 March, 2012. The master image is chosen by maximizing (predicted) total coherence of the interferometric stack, based on the perpendicular baseline, temporal baseline, the mean Doppler centroid frequency difference and thermal noise [22] . Table 3 .
Acquisition and pairing details of Radarsat-2 images, ascending orbit. Figure 9 illustrates Time-series InSAR processing flow. The initial part of the process is the generation of interferograms using DORIS software [23] . In this part, the 3 arc-second (90 meter) resolution of SRTM DEM was used to remove topographic phase. All interferograms were simultaneously processed iteratively, using only pixels whose phases are considered stable. Then, phase stability which is contained in each pixel was initially rejected based on their amplitude characteristics. For the PS pixel selection [24] , we converted all data into a preferred format for PS processing. Next, phase noise which exists in each candidate pixel of every interferogram was estimated and selected based on their stochastic characteristics. After that, the pixels selection in the previous step were weeded and corrected for spatially-uncorrelated look angle error and master atmosphere and orbit error. Values of spatially-correlated look angle error which occurs from DEM and orbital error were calculated and eliminated using measure of the phase noise level equation [24] . The phase change is then unwrapped and then each PS point is assigned with the velocity or rate of phase change resulted from regression in time. The result from PS technique reveals the postseismic deformation of Tarlay earthquake spanning approximately two years. There are more than 147,000 PS points of ascending path with LOS displacement rate between -24.4 to 34.5 millimeters per year as shown in Fig. 10(a) . The results show the positive range change (blue) i.e. moving away from the sensor in the southern part of Nam Ma fault while the northern show negative range change (red) meaning moving toward the sensor direction. The result was consistent with left-lateral fault movement. The white dash line shows an imaginary transect across the Nam Ma fault line. Figure 10(b) shows profile of this transect. It can be seen that the LOS velocities are symmetrical across the fault. The displacement pattern is consistent with Reid's elastic rebound model [8] [9] in postseismic phase. 
No

Conclusion
The InSAR coseismic motion is used in the inversion analysis to determine Nam Ma fault parameters. The Single-patch model yields a coseismic slip of 2.5 m. From the Multi-patch model, the maximum slip in top patch is 1.95 meters at depth of about 1 kilometers. When compare with the values obtained from field survey, we found rather large differences in western segment while the surface slip are almost the same in kilometres 14-16. The result from the simple fault plane model is used in the Coulomb stress change computation in nearby faults. It reveals that the stress increases 0.6 bar in the east end of the Mae Chan, and 0.15 bar in Mae Ing fault and Chiang Kham fault. The remaining faults indicate as a stress shadow.
By using the slip rate in the interseismic stage of Nam Ma fault from [4] the values of which are between 0.6-2.4 millimetres per year with the slip of 2.5 m from Single-patch model, the recurrence period is approximated to be between 1,040-4,160 years. If we assume that earthquake is characterized by average slip of 1.36 m from multi-patch model, it yields recurrence period of approximately 560-2,260 years.
Radarsat-2 images are used to detect postseismic motion occurred in the past 2 years after Tarlay earthquake. The analytical result reveals that the LOS displacement is up to 3.45 centimeters per year with the highest deformation locating 10-20 kilometres. Continuing data is required in order to determine the interseismic rate of this segment of Nam Ma fault which would enable the computation of a more reliable recurrence period.
The recent Chiang Rai earthquake occurring on 5 May 2014 Mw=6.3 exposed the seismic risk of northern Thailand region. The earthquake epicenter is located at the depth of about 7.4 kilometers on Mae Suai fault [25] . Although our Coulomb stress change result does not show stress increase on Mae Suai fault, it becomes imperative to monitor all nearby faults such as Phayao and Chiang Mai fault since the orientation of these faults could be in favour of receiving stress increase from Chiang Rai earthquake and therefore result in higher probability of large earthquake occurring in the near future.
